Abstract. The thermal stability of 18650 type lithium ion batteries under various heating temperatures were investigated using a hot-box. Differential scanning calorimetry (DSC) were used to determine the thermal stability of their major components in elevated temperature and the mechanism of lithium battery fire and explosion was also explored. The results show that the melting of separator is critical conditions for the occurrence of the thermal runaway for the lithium ion batteries. The oxygen released by the decomposition of cathode materials reacting with electrolyte is the main reasons for the thermal runaway. The maximum surface temperature and temperature increasing rate rise with the increasing heating temperature, whereas the time to ignition, time to explosion and the onset temperature of the thermal runaway decrease.
Introduction
Lithium-ion battery (lithium battery) for its high energy density, low weight, no environmental pollution and other advantages [1] has been widely used in portable electronic, vehicles, aerospace and other fields. But in condition of overcharge, over discharge or high temperature environment, the thermal instability of lithium battery will make the temperature increase above the safety critical temperature in a moment, resulting in a fire or explosion, greatly hindered the application of the lithium-ion battery [2, 3] . To solve the thermal stability of lithium-ion battery, the top priority is to find out the mechanism of heat generation of the lithium-ion battery, analyze the factors that affect its thermal stability, and then take appropriate control measures.
At present, researchers mainly use thermal analysis technology and calorimetry to do research [4] [5] [6] on the thermal stability of lithium battery equipment. Ribière et al. [4] studied the effect of the charge state on the thermal stability of lithium battery by Tewarson calorimeter, and the results showed that the higher the charge state, the larger the heat release rate and the toxic gas release. Lei Zhang et al. [5] used ARC to study the effect of storage temperature and storage time on the thermal stability of lithium battery, which indicated that the thermal stability of lithium battery after storage at high temperature (55 degrees) is improved. The thermal stability of the electrolyte, coexisting system of electrolyte and anode, coexisting system of electrolyte and cathode, was studied by Wang et al. [6] by using C80, and they concluded that the lithium ion battery explosion is due to reaction heat accumulation. Hu et al. [7] used DSC to study the influence of internal materials on the thermal stability of lithium ion battery. Hot box test is often used to test the thermal stability of the battery [8, 9] . Hu et al. [10] use hot box to compare the heat safety of composite cathode materials and lithium cobalt oxide cathode material of 18650 full-power lithium battery.
However, the thermal stability of lithium batteries at different ambient temperatures, especially the relationship between the thermal behavior of lithium batteries and the thermal response of different materials in the heating process is lack of a more comprehensive and systematic study. In this paper, the effect of heating temperature on the thermal stability of lithium battery was studied by using the high-low temperature hot box. DSC was used to analyze the thermal stability and reveal the explosion mechanism of lithium ion battery in high temperature environment.
Experiment
The battery used in the experiments is a kind of 18650 cylindrical lithium-ion battery, with a diameter of 18 mm and height of 65 mm. The anode material comprises nickel cobalt lithium, polyvinylidene fluoride and conductive agent, and the cathode material contains graphite powder, PVDF and conductive agent. The electrolyte is 1mol/L LiPF6/EC + EMC + DEC (1:1:1, w:w:w).
Firstly the lithium battery at room temperature was charged to a different state, by using BTS-3064 type battery test system (made in Shenzhen). After 12 h, the plastic skin was removed and then two K type thermocouples are respectively fixed on the top center and bottom center of the lithium battery by iron wire in order to record the variation of surface temperature. Finally, the lithium battery was fixed on the bracket of the hot box by iron wire. The hot box temperature starts from indoor temperature and rises at a rate of 5 ℃/min±2 ℃/min to setting temperature (145, 160, 165, 175, 180, 200 ℃), and then keep temperature for 30 min. In this article the lithium ion battery charged state was selected as 70%, 80%, 90% and 100%, respectively.
Results and Analysis
When the setting temperature of the hot box is low, the temperature of the hot box rises to the heating temperature and maintains temperature for 30 min. In the process, the surface temperature of lithium batteries increases with the increase of the heating temperature. When it reaches a certain temperature, it does not rise but stand still or decrease. The surface of lithium battery has a certain degree of expansion and electrolyte leakage, but there is no fire or explosion. The setting temperature is called safety temperature of lithium in this paper. The highest setting temperature when there is no fire or explosion in this condition is called critical safety temperature. The duration of the explosion from the beginning to the explosion of lithium battery is defined as explosion time. The thermal stability of lithium batteries with different charge states at different heating temperatures are evaluated by critical safety temperature and explosion time. Figure 2 , the variation of lithium battery under heating conditions can be divided into two stages. The surface expansion occurs in the Stage 1. In this stage, the increase of surface temperature is mainly caused by the heat from hot box. The lithium battery surface temperature increases with increasing hot box temperature. The solid electrolyte interphase (SEI) formed from the lithium battery cathode surface releases gas and heat while decomposing which leads to the increase of the surface temperature and a certain extent expansion. Figure 3 is the heat flow curve of the cathode used in electrolyte. As can be seen from Figure 3 , in nitrogen atmosphere the carbon anode material has an exothermic peak at 103 ℃. The starting temperature of the peak is about 75 ℃, and the heat of reaction is 299 J/g. This peak is caused by the SEI decomposition exothermic reaction. The SEI layer comprises a stable layer and sub stable layer, which are easy to decompose under 90-120 ℃. The expression of the decomposition reaction is shown in equation (1) . Decomposition reaction releases gas and heat, causing lithium batteries surface expansion and temperature rise. This is agree with the results of Pasquier [11] , Zhang [12] , and Changkeun [13] , who used DSC and ARC to investigate reaction between electrolyte and graphite intercalated with lithium under heating conditions, respectively. The battery relief valve is vented and the electrolyte leaks in Stage 2. When the setting temperature is 145 and 160 ℃, the batteries make a sound and spray a small amount of white mist after 1941 and 1607 second respectively. At the same time, the surface temperature of lithium battery reaches 152 and 155 ℃, respectively. From Figure 1 and Figure 2 , it can be seen that the temperature of the lithium batteries' surface decrease slightly. One of the reasons is that the sealing ring absorbs heat and melts at high temperature lead to gas release and electrolyte leakage. The ejected gas and electrolyte take away the heat inside the lithium batteries and reduce the surface temperature. Another reason is that the diaphragm of lithium battery is closed at about 150 ℃, and the surface temperature reduces by absorbing heat. Figure 4 is the heat flow curve of the PE-PP-PE diaphragm used in this paper. It can be seen that in nitrogen atmosphere the endothermic temperature of the membrane is 125 ℃, the endothermic peak is at the temperature of 165 ℃, and the heat absorption capacity is about 170 J/g. This is the melting endothermic process of diaphragm contraction at high temperature. When the temperature is close to the melting point of the diaphragm (116 ℃), the porous polymer membrane changes to a closed insulating layer, leading to short circuit. At the same time, the battery internal resistance increases, the heat release increases, then the temperature begins to rise, accompanied by a white mist released, reached 151.5 ℃ and 185 ℃ at 3149 s and 2953 s respectively. This process is also related to the reaction between the cathode and the electrolyte. It can be seen from Figure 3 , a shoulder appeared after the peak of 103℃, peak temperature is 200 ℃; the termination of the temperature is 396℃, which is caused by cathode material and electrolyte exothermic reaction. SEI membrane decomposition cannot prevent the contact of cathode and electrolyte, so the embedded lithium exposes to the electrolyte. The reaction generates new SEI membrane, causes the increase of heat release, lead to peak broadening. Until the end of the reaction, the temperature of the lithium battery surface remained unchanged, indicating that the heat release rate of the lithium battery is almost equal to the heat dissipation rate. Figure 5 is the temperature curve of the fully charged lithium battery in the hot box with a set heating temperature of 165 ℃, which can be divided into four stages: stage 1 and stage 2 are consistent with the changes of the heating temperature of 145 and 160 ℃, in which the surface temperature of the battery reaches to the temperature of 154.5 ℃ after 1390 s and the temperature drops slightly in this moment. Deflagration occurred in the stage 3. After 2149 s, the surface temperature reaches to 241 ℃, and then the temperature increases to 619.3 ℃ during 17 s with the eruption of a large number of spark, the release of a large number of smoke, while the explosion occurred. The heat production during this process is attributed to two aspects: one is the exothermic reaction of the anode material and the electrolyte; the other is the exothermic reaction of the cathode material and the electrolyte. After the melting of the membrane, anode contacts cathode directly which causes the anode and cathode react with electrolyte respectively.
The heat flow curve of the coexistence system of anode material and electrolyte is shown in figure 6 . In nitrogen atmosphere, when the anode material and the electrolyte coexist, with the increase of temperature, there is an exothermic process from 160 ℃, and at the temperature of 285℃, the exothermic peak occurred. This peak is mainly related to the exothermic reaction of NiCo -Li alloy decomposition, as shown in equation (2) . The reaction releases oxygen which reacts with the organic solvent in the electrolyte and produces a large amount of heat. Then, at the beginning of 275℃, a drastic exothermic reaction occurred, and the peak reaches at the temperature of 350℃, and the heat release rate of the whole process is -699 J/g. During this process the anode further decomposes, releases more oxygen and reacts with the decomposition products of electrolyte and produces more heat which is shown in the formula (3) and (4). Because of the rapid release of a large amount of heat, if the heat is not released in time, the lithium batteries will explode. The battery flame is gradually reduced to extinction in the stage 4. The above analysis shows the explosion mechanism of lithium battery under heating conditions: firstly the SEI membrane on the cathode surface decomposes and releases heat, causing accumulation of the internal heat of lithium batteries, the increase of surface temperature. Subsequently, the membrane absorbs heat and melts lead to the contact between anode and cathode directly with heat release. The exothermic reaction occurred between the poles and the electrolyte, but the reaction between anode and electrolyte releases more heat than that between cathode and electrolyte. The decomposition of the anode releases oxygen, which oxidates the electrolyte and releases a large amount of gas and heat then breaks through the lithium battery shell, causes the lithium battery explosion finally. Figure 7 (a) shows the surface temperature variation of the fully charged lithium battery at different temperatures (145, 160 and 165 ℃). The rate of temperature rising under different condition is almost the same, then the rate of temperature rising of lithium batteries whose setting temperature is 165 ℃ is significantly higher than that of the other two, and after the surface temperature reaches 241℃, the temperature rises to 619℃ rapidly with a small explosion. Thus it can be seen that the exothermic reaction occurs at different setting temperatures. But at the low set temperature lower, the rate of exothermic reaction is slow, coupled with external heat transfers, the accumulation of heat can not lead to more exothermic reaction, when heat production and heat release achieve balance, the temperature will not change. When the setting temperature is high (165 C), the rate of lithium batteries exothermic reaction increases lead to the accumulation of internal heat which can not dissipate timely, causing thermal runaway, the temperature increased sharply. Therefore, in this experimental temperature range, the critical safe temperature for full charge lithium battery is 160℃. In conclusion, it can be seen that the temperature is the most obvious symptom of the combustion and explosion of lithium ion batteries. The research and development of the temperature sensing system is of great significance for the prevention and control of the lithium battery fire. The variation trend of the batteries' surface temperature is basically similar. With the increment of the hot box temperature, the temperature of batteries rise to about 155 ℃, then the surface temperature decreases about 5 ℃. When the temperature reaches about 200 ℃, the temperature rises rapidly, but the thermal runaway temperature, the heating rate, the maximum temperature, the explosion time and the duration of each phase are obviously different. The runaway temperatures of the lithium batteries whose setting temperatures are 165, 180 and 200 ℃ are 241, 218 and 167 ℃ respectively, the highest surface temperature were 619, 671 and 768 ℃, blasting time were 2167, 1756 and 1307s, the duration of stage 1 are 1393, 1321 and 985s, duration of stage 2 are 495, 481 and 241s, duration of stage 3 are 17, 12 and 10s. The temperature and concentration of pyrolysis gas determines the ignition time, the higher the temperature, the more lithium batteries absorb the heat, the faster the exothermic reaction rate, the more internal heat accumulation, the more full exothermic reaction, the more heat and gases releases, the shorter ignition and explosion time, the lower thermal runaway temperature, the higher the surface temperature, the greater the risk of fire.
Conclusions
(1) Under the condition of heating, the decomposition of SEI diaphragm on surface of the cathode is the beginning of internal heat accumulation; diaphragm melting is a critical condition of thermal runaway of lithium batteries; the exothermic reaction between the anode material and electrolyte is the main reason of burst and the explosion of lithium batteries.
(2) The higher the heating temperature, the shorter time of ignition and explosion, the lower the temperature of thermal runaway, the higher the surface temperature, the greater the fire risk. In the use and storage of lithium batteries, the ambient temperature should be strictly controlled under the critical temperature.
(3) Temperature is the earliest signs of lithium battery fire, research of temperature detection system can prevent the lithium battery fires, and reduce the surface temperature of lithium battery can prevent the thermal runaway of lithium battery effectively. Preparation time of lithium battery fire is 5min.
